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HETEODOLOGP . 

FOR 
CHEMICAL HAZARD PREDICTION 

DEPARTMENT OF DEFENSE, EXPLOSIVES SAFETY BOARD 

1. INTRODUCTION 

1.1 Purpose 

 he purpose of t h i s  Technical Paper is t o  p re sen t  a . 
d e s c r i p t i o n  of  t h e  current ,  recommended method f o r  e s t ima t ing  
chemical hazard d i s t ances  for  planning purposes. 

1.2 Scope 

This Technical Paper descr ibes  an appropr i a t e  method.for 
est imating,  f o r  planning purposes, hazard d i s t ances  assoc ia ted  with , . 

hypothe t ica l  Maximum Credible  Events (MCE) from which t o x f c  substances 
might be  re leased  i n t o ' t h e  atmosphere. In  p a r t i c u l a r ,  t h e  method 
comprises a mathematical model, which r e f l e c t s  the  cu r r en t  state-of- 
the-ar t  i n  anraspher ic  d i f f u s i o n  modeling, and complete sets o f  i npu t  
da t a  represent ing  appropr ia te  parametric values f o r  v f d e  ranges of 
geographical and meteorological environments. Ce r t a in  subordinate  
mathematical models a r e  a l s o  provided t o  f a c i l i t a t e  c a l c u l a t i o n s  when 
the  MCE inc ludes  e i t h e r  s p i l l s  of  t ox ic  substances onto  ground su r f aces  
o r  plumes which ascend r ap id ly  because of h e a t  generated by f u e l . f i r e s ,  
e t c .  

~ o t '  included in the s cop i  of t h i s  Technical Paper a r e  those 
f a c t o r s  which lead  t o  development and i d e n t i f i c a t i o n  of  t he  MCE. 

. . 

2 .  THE REC0MMEM)ED MODEL 

2.1 General 
. , 

The reconmended method f o r  ca l cu la t ing  t o x i c  vapor hazard 
' . . 

d i s t ances  f o r  plaiming'purposes,  given t h e  agent source conf igura t ions ,  ' 

is a Gaussian Plume diffus , ion model wi th  (a) provis ions  f o r  l i m i t i n g  the 
vertical. expansion of the cloud to the surface mixing l a y e r  and (b) 
c r i t e r i a  t o  accommodate t he - space  v a r i a t i o n s  of meteorological  and o t h e r  
environmental f ac to r s .  The t h e o r e t i c a l  b a s i s  f o r  t h a t  model has  been 
ex tens ive ly  inves t iga t ed  and repor ted  by ~ u t  tonl* and pasquil12, among 

* 
Superscr ip t  numerals ,des igna te  re ferences  l i s t e d  a t  end of t e x t .  



o the r s .  Sut ton  shows t h a t  t h e  Gaussian Plume model is a n a t u r a l  
consequence of t r e a t i n g  atmospheric d i f f u s i o n  as an  analogy t o  
molecular d i f fus ion .  Diffusion c o e f f i c i e n t s  a s soc i a t ed  with Brownian 
motion i n  t he  mo!ecular case a r e  simply replaced by those  a s soc i a t ed  
wi th  t h e  s i z e  of thermally-generated wind eddies  i n  the  atmospheric 
case. 

H i s t o r i c a l l y ,  the  p r a c t i c a l  problem has  been t o  determine t h e  
r a t e  of d i f fus ion  from observat ions of plume d e n s i t i e s  (concent ra t ions)  
and simultaneous measurements of  purely meteorological  e n t i t i e s ,  'such 
a s  wind, temperature,  cloud cover and r e l a t i v e  humidity. Even , i n  t h e  
s imples t  case,  i . e . ,  f l a t ,  l e v e l  and open t e r r a i n  f r e e  from vege ta t ion  
and man-made s t r u c t u r e s ,  t h e  problem is n o t  an easy one. The presence .  
of h i l l s ,  vege ta t ion  and s t r u c t u r e s  f u r t h e r  complicates t h e  p r a c t i c a l  
problem. , 

A major i ty  of t ox ic  vapor hazard problems can be  t r e a t e d  
adequately with the Basic Model descr ibed b a l m .  I t  is app l i cab le  when 
the  ground-level, axial, t o t a l  dosage is requi red  i n  an idea l i zed  
topographic s i t u a t i o n  ( i .e . ,  f l a t ,  l e v e l  and open t e r r a i n )  . Problems which 

d o  n o t  fall i n  t h i s  category can be  t r ea t ed  via e i t h e r  t h e  more. gene ra l  
o r - % ~ s p < c ~ a = t h o d s  . - . described . i n  t he  var ious  Annexes t o  t h i s  Technical 
paper. 

. .. . . . - 

2.2 The Basic Model - 
The basic equat ion f o r  computing t h e  a x i a l  dosage a t  ground 

l e v e l  'from an e l eva ted ,  instantaneous,  point-source o r  computing a x i a l  
concent ra t ion  a t  ground l e v e l  from an e leva ted ,  cont inuous,  point-source 
is : 

0 

L 
where : 

t h e  axial dosage i n  mg-min/cu m a t  a p o i n t ,  x, downwind 
(concent ra t ion  i n  mg/cu m f o r  continuous po in t  sou rces ) .  

t h e  source s t r e n g t h  i n  milligrams (milligrams/min f o r  
continuous sources) .  



o & uz = the  s tandard  devia t ions  of crosswind and v e r t i c a l  
Y concentrat ions respec t ive ly ,  i n  meters. Both a r e  

funct ions o f  t h e  d i s t ance ,  x. 

Ux = t h e  average speed of t h e  cloud a s  i t  passes  t h e  po in t  x, 
i n  m e t e r s h i n .  

Hm = t he  depth of t h e  s u r f a c e  mixing l a y e r ,  i n  meters. 

R = t he  e f f e c t i v e  he ight  of t h e  source,  i n  meters. (H should 
not  . exceed H i n  t h e  above equat ion)  . m . 

Equation 2.1 can be approximafed by a very  simple l i n e a r  
expression,  

a t  moderate d is tances ,  x, downwind from the  t o x i c  source, where t h e  
e f f e c t  of t h e  r e l ea se  he igh t ,  H, on t h e  dosage, D(x), becomes neg l ig ib l e .  
A t  those  d is tances ,  t h e  tox ic  substance becomes r a t h e r  uniformly 
d i s t r i b u t e d  i n  t h e  v e r t i c a l  because o f  mul t ip le  r e f l e c t i o n s  of  ma te r i a l  
from t h e  assumed pe r f ec t ly - r e f l ec t ing  p lanes  a t  ground l e v e l  and a t  t he  . 

i nve r s ion  cap he ight ,  H Equation 2 . 2 . i s  commonly known as t h e  "Box 
Modeltt. Because of i t s m ~ i P p l i c i t y ,  i t  i s  p r e f e r r e d  over t h e  more complex 
Equation 2.1. However, i n  p rac t i ce ,  ca re  m u s t  b e  taken t o  i n s u r e  t h a t  
assumptions fundamental t o  t h e  Basic Model remain v a l i d  (see paragraph 3.2,  
S t a b i l i t y  Change C r i t e r i a ) .  

The parameters a and o Z ,  a s  used i n  t h e  Basic Model,, a r e  def ined 
Y 

as simple power-law functioris of t h e  d i s t ance  t r ave l ed  by t h e  t o x i c  plyme. 
Values f o r  those  parameters a t  any downwind d i s t a n c e ,  x, a r e  computed from ' 

a u x i l i a r y  equat ions,  a s  follows: 

where u and u a r e  re ference  va lues  a t  t h e  d i s t ances  x and xzr,  
Y r  z r  Y r  

r e spec t ive ly .  Further ,  a and 6 a r e  s tabi l i ty-dependent  va1u .e~  which 
desc r ibe  t h e  expansion r a t e s  o f . t h e  cloud l a t e r a l l y  and v e r t i c a l l y ,  
r e spec t ive ly .  B and C a r e  v i r t u a l  d i s t ances  ca l cu la t ed  t o  a l l a i  f o r  a 
volume source and a r e  obtained a s  follows: 



where u and uZp a r e  t h e  i n i t i a l  values descr ib ing  the i n i t i a l  s i z e  of 
YR 

t h e  t o x i c  plume a t  the  s i t e  of t h e  hypo the t i ca l  acc iden t / i nc iden t .  
S p e c i f i c a t i o n  of values f o r  t he  parameters a and a r equ i r e s  a 

YR zR 
d e t a i l e d  knowledge of t h e  source conf igura t ibn  i n  terms of 
t o x i c  subs tance  and i t s  phys ica l  s t a t e ) ,  source s t r e n g t h  (Q), t ime 
du ra t ion  of r e l e a s e ,  and he igh t  of t h e  t o x i c  plume's cent ro id .  These 
elements of the  source conf igura t ion  must n e c e s s a r i l y  be der ived  from t h e  
h y p o t h e + i w l  MCE. They o f t e n  involve complex t e c h n i c a l  judgements 
which a r e  s p e c i f i c  t o  t h e  MCE under s tudy  and which w i l l  be provided b y .  
t h e  agency which conducts t h e  scenarfo-specif ic  hazard  study. 

Reconmended va lues  f o r  a l l  meteorological  v a r i a b l e s  introduced 
i n  the  Basic Method have been tabulated.  They appear i n  paragraph 4.2. 
I f ,  hcrwever, c a l c u l a t i o n s  are being made f o r  a l o c a t i o n  f o r  which s p e c i f i c  
meteorological  d a t a  a r e  ava i l ab l e ,  t hose  da t a  should be used i n  l i e u  of 
t h e  data i n  paragraph 4.2. 

2.3 A Generalized Model 

The mathematical formulat ion of  a genera l ized  model is presented 
in Annex A. The genera l ized  model provides f o r  v a r i a t i o n s  i n  t h e  
composition and quan t i t y  of  t h e  m a t e r i a l  re leased ,  as w e l l  a s  f o r  
v a r i a t i o n s  i n  sou rce  dimensions, source he ight ,  source  emission time, and 
decay. S p e c i f i c  provis ion  i s  a l s o  made i n  the  genera l ized  model f o r  t h e  
e f f e c t s  of g r a v i t a t i o n a l  s e t t l i n g  and f o r  computing dosages and 
concent ra t ions  f o r  l oca t ions  o the r  than downwind plume c e n t e r l i n e s ,  a t  
ground l e v e l .  That-model w i l l  a l s o  accommodate t h e  r e s t r i c t i o n  of l a t e r a l  
d i f f u s i o n  due t o  orographic . inf luences  of t e r r a i n  channeling. 
Meteorological  model i n p u t s  inc lude  mean wind speed, depth of t h e  su r f ace  
mixing l a y e r ,  i n t e n s i t i e s  o f  turbulence,  and v e r t i c a l  shear  ( i . e . ,  wind . 
d i r e c t i o n  and wind speed) in .  t h e  mixing l ayer .  Thus, t he  genera l ized  
model con ta ins  both  mesoscale and microscale  meteorological  p r e d i c t o r s  
t h a t  may be t a i l o r e d  t o  s p e c i f i c  geographical  l o c a t i o n s  and s p e c i f i c  
meteorological conditions. 

3 .  SPECIAL CONSIDERATIONS 

3.1 General 

Four s p e c i a l  cons ide ra t ions  have been i d e n r i f i e d  as necessary ,  
on occasion,  i n  t h e  a p p l i c a t i o n  of t h e  Basic Xethod t o  t o x i c  hazard 



predicr ions .  These a r e  (1) s tab i l i ty -change  c r i t e r i a ,  (2) personnel 
exposure times, (3) the  r a t e s  of evaporat ion from s p i l l s  of t o x i c  
substances,  and (4 )  t he  ex t en t  of v e r t i c a l  r i s e  of heated. plumes 
which a r e  generated by t h e  h e a t  r e l ea sed . . f r~m f u e l  f i r e s ,  e t c .  

3.2 S t a b i l i t y  Change C r i t e r i a  

The recommended Basic Hodel, and i ts  implementation i n  terms 
of formulas given above, computer programs, and parameter va lues  
shown i n  paragraph 4 ,  is based on' t he  assumption t h a t  s teady-s ta te  
condi t ions  e x i s t  throughout t h e  a i r  volume swept out  by t h e  t o x i c  plume 
during its l i f e t ime .  That volume might exceed b i l l i o n s  of cubic  meters 
( i . e . ,  during its l i f e t i m e ,  t h e  plume might occupy a i r  volumes whose 
dimensions are seve ra l  k i lometers  i n  t h e  v e r t i c a l  and l a t e r a l ,  and 
hundreds of ki lometers  extending downwind from the  plume's source) .  
Lifet imes of l a rge ,  dense plumes could reach tens  o r  hundreds of hours.  
In many ins tances ,  the  assumption t h a t  s teady-s ta te  condi t ions  e x i s t  
over those volumes and those time i n t e r v a l s  simply fails: Even i f  
su r f ace  p rope r t i e s  of t h e  l o c a l  t e r r a i n  a r e  uniform enough, over l a r g e  
land a reas ,  t o  suggest s teady-s ta te  atmospheres, t h e  normal d i u r n a l  
changes would preclude maintenance of t h e  s teady-s ta te  a f t e r  s e v e r a l  
hours  have elapsed. This s i t u a t i o n  t y p i c a l l y  occurs when l a r g e  amounts 
of t o x i c  mater ia l  a r e  r e l ea sed  during a very s t a b l e  n ight t ime regime 
wi th  very low wind speeds and mixing depths.  The maximum time-duration 
of a s t a b l e  nighttime regime is genera l ly  12 hours o r  l e s s ,  depending 
on t h e  season of t h e  year  and t h e  l a t i t u d e .  

Techniques have been developed t o  accommodate t hese  dynamics 
wi th in  the cu r r en t ,  recommended Basic Model. The concept is a s  follows: 
Although i t  is  recognized t h a t  t r a n s i t i o n s  i n  t h e  atmospherAc s t r u c t u r e  - occur smoothly, they a r e  t r e a t e d  a s  a s e r i e s  of discrete step-changes. 
The computer-assisted c a l c u l a t i o n s  a r e  i n t e r rup ted  a t  "appropriate" 
po in t s  i n  the  process,  f i n a l  ca l cu la t ed  va lues  of the  plume v a r i a b l e s  
recorded, and these  f i n a l  values a r e  t r e a t e d - a s  i n i t i a l .  va lues  i n  t h e  
next  subsequent phase of t h e  ca l cu la t ion .  The "appropriate" 'points  i n  
t h e  process  a r e  where t h e  ana lys t  has reason t o  b e l i e v e  t h a t  t h e  
atmospheric s t r u c t u r e  would have changed enough t o  warrant  i t s  
approximation,as  a d i s c r e e t  step-change. Thus, some judgement is  
requi red .  

I n  t he  case of t he  s t a b l e  n ight t ime regime c i t e d  above, t h e  
step-change procedure would be  t o  progressively change'the meteorological  
parameters, which represent  t he  s t a b i l i t y  ca tegor ies ,  from s t a b l e  t o  l e s s  
s t a b l e ,  permit t ing a reasonable time of d w e l l  i n  each category.  During 
each phase of t he  ca l cu la t ions ,  t h e  a x i a l  dosages a t  downwind d i s t ances  
would be =a lcu la t ed  v i a  t h e  Box Xodel (Equation 2 . 2 ) ,  where 



AHm (x-XC). + -  
*m = 'mc AC 

f o r  Hmc 2 Hm 5 Hk + AHm 
X, 

H = t h e  depth of t h e  s u r f a c e  invers ion  l aye r  a t  t h e  beginning 
mc o f  the change (m). 

x = l o c a t i o n  of the, p l - s  cent ro id  a t  t h e  beginning of  t h e  
C 

c h a n p  (m)~. 

a & x = t h e  re ference  sigma and re ference  d i s t ance  i n  t h e  new ' 

yr s t a b i l i t y  category (m). 

AHm = change in  H over t h e  i n t e r v a l  (m).  m 

A t  = time interval of change (min). 

U & a = new meteorological  parameters. 

a = t h e  l a t e r a l  sigma a t  t h e  beginning of t h e  change i n t e r v a l .  
Y = 

Where accuracy demands i t ,  and where a v a i l a b l e  resources and t echn ica l  
data  i npu t  accurac ies  permit i t ,  t h e  number of d i s c r e t e  s t e p s  used t o  
s imulate  a gradual change in atmospheric condi t ions  could be  increased  
t o  improve the  v a l i d i t y  of  t h e  a p p r o x w t i o n .  n u s ,  t h e s e  techniques 
can account f o r  t h e  e f f e c t s  of changes i n  atmospheric s t a b i l i t y  on t h e  
concentrat ion,  dosages and depos i t ion  p a t t e r n s  of t ox ic  plumes. Normal 
procedures are used t o  c a l c u l a t e  1 X  casua l ty  es t imates  from t h a t  
information. 

3.3 Personnel Exposure Times 

Spec ia l  methods can be  used when s p e c i f i c  elements of t h e  hazard 
ana lys i s  r equ i r e  cons idera t ion  of  the time i n t e r v a l  dur ing  which personnel  
might be  exposed to airborne chemical agents. Those situations normally 
a r i s e  when personnel  a r e  assumed t o  be exposed t o  very low concent ra t ions  
of agent over extended periods of time such t h a t  d e t o x i f i c a t i o n  of agent  
occurs wi th in  t h e i r  bodies .  Under those circumstances,  t h e  Basic Model 
would y i e l d  overest imates  of hazard d is tances .  However, app ropr i a t e  
modif icat ions have been made t o  t h e  Basic Model t o  adapt  i t  f o r  use i n  



those ins tances .  The r e s u l t a n t ,  recommended model, an extension of 
t he  Basic  Model, is described i n  Annex B. 

3.4 Evaporation from Liquid S p i l l s  

Some MCE's provide f o r  s p i l l s  of t ox ic  ma te r i a l s  onto ground 
sur faces .  Toxic vapor plumes a r e  formed when the  s p i l l e d  ma te r i a l  
evaporates  from those sur faces .  Evaporation begins when the  tox ic  
ma te r i a l  is  s p i l l e d ,  and i t  is assumed t o  cont inue u n t i l  the  t ox ic  
"puddle" has been covered, decontaminated, o r  u n t i l  a l l  t o x i c  ma te r i a l  
has evaporated. The plume, thus formed, is assumed t o  have been 
generated from a "continuous source" of t ox ic  ma te r i a l .  

The Basic Model f o r  t ox ic  hazard es t imat ion  can be appl ied  t o  
t he  YCZ f o r  l i q u i d  s p i l l s  by the  proper s e l e c t i o n  of parameter va lues :  
D(x) i n  Eqimtion 2 . 1  i s  in t e rp re t ed  a s  concent ra t ion  of t o x i c  substance 
i n  t h e  plume, 30 r is assumed equal  t o  the  width of. t h e  puddle, and Q Ss 
i n t e r p r e t e d  a s  tbe r a t e  o t  generat ion of t ox ic  vapors i . .  , r a t e  of 
evapora t ion  of t he  toxic  substance from t h e  puddle). I n  order  t o  provide 
a b a s i s  f o r  es t imat ing  evaporat ion r a t e s  from a continum of puddle s i z e s  
and a v a r i e t y  of wind speed ( to  inc lude  s t i l l  a i r ) ,  and a i r  temperature 
' combina t ions , s ix  graphs a r e  presented i n  Figures  1 through 6 f o r  GB, 
VX and HD, respec t ive ly .  I n  t h e  event t h a t  t h e  MCE involves t ox ic  
substances o the r  than these  th ree  co&on chemical warfare  agents ,  o r  
the  requi red  va lues  a r e  out  o f  t he  range of  va lues  provided by these  
graphs, the general  methods f o r  c a l c u l a t i n g  evaporat ion r a t e s  under e i t h e r  
a v a r i e t y  of wind speeds o r  i n  s t i l l  a i r  can be used as ind ica t ed  i n  , 

Annex C. 

3.5 Rise of Heated Plumes 

3.5.1 General 

Toxic substances re leased  i n  a s soc i a t ion  wi th  a f i r e  o r  an 
evplosion w i l l  usua l ly  r i s e  a s  a heated plume which e n t r a i n s  a i r  u n t i l  
an  equi l ibr ium with ambient condi t ions  is  reached. Thus, the  e f f e c t i v e  
source he igh t ,  H ,  will be equal t o  the  he ight  a t t a i n e d  a s  a r e s u l t  of 
buoyant r i s e  zm. . 

The formulas given i n  t h i s  s ec t ion ,  f o r  instantaneous 
sources  (explosions) and quasi-continuous sources ( f i r e s  o r  mu l t ip l e  
explos ions) ,  a r e  based on procedures s i m i l a r  t o  those  contained i n  a 
paper presented by Briggs (1970) a t  t he  Second I n t e r n a t i o n a l  Clean Air 
C o n ~ r e s s . ~  Briggs' ' equat ions d i f f e r  i n  form f o r  s t a b l e  and .ad iaba t ic  



PUDDLE LENGa (Yeters) 

Figure 1: Evaporation Fates f o r  Liquid Spills. of CB vitS 
Various Wad Speeds and Air Temperatures 



F i g u r e  2 :  Evaporation Rates for Liquid S p i l l s  o f  GB i n  
S t i l l  Air w i t h  a Variety of Air Texperatures ' 



PUDDLE LENGTH (Meters) 

F i g u r e  3: Evaporat ion  Rates for Liquid S p i l l s  of VX with 
Various  Wind- Speeds and Air Temperatures 

10 



10 

PUDDLE LENGTH (Meters) 

Figure 4 :  

-- - - . . . - I _ _ ._ . . . 

Evaporation Rates for Liquid Spills of VX in 
Still Air with a Variety 3f A i r  Temperatures 



PUDDLE LENGTEI (Meters) 

Figure 5: Evaporation Rates for Liquid Sp,ills of ED with 
Various Wind Speeds and A i r  Temperatures 



Figure 6 :  Evaporation Rates for L i q u i d  S p i l l s  of HD i n  
S t i l l  Air with a Variety of Air Temperatures 



or  unstable  condit ions.  The form proposed f o r  a d i a b a t i c  o r  uns tab le  - .  . 
condi t ions  conta ins  the time of plume r i s e  as an i n p u t  value. - - - 
Since observed values of this parameter a r e  not p re sen t ly  a v a i l a b l e ,  
p r a c t i c a l  use of the  methodology i s  l imi t ed  t o  t h e  r e l a t i o n  proposed f o r  
the s t a b l e  atmosphere, f o r  which t h i s  paramater is n o t  required.  The 
equat ion  is s t a t e d  as a func t ion  of t h e  v e r t i c a l  p o t e n t i a l  temperature 
g rad ien t  and, t h ,  can be  app l i ed  from s t a b l e  t o  ad i aba t i c .  

3..5.2 Instantaneous Releases i n  S t a b l e  Atmospheres 

The maxim- plume rise P downwind from an instantaneous 
source  i n  a si t a b l a  amoaphere is 

- 
where 

PI = t h e  instantaneous buoyancy parameter 

QI = t he  e f f e c t i v e  hea t  r e l ea sed  (-1) 

c = t h e  s p e c i f i c  hea t  of a i r  at  cons tan t  pressure  ( 0 . 2 4  
c a l  gn-1 o -1) 

K .  

P, = t h e  dens i ty  of ambient a i r  (gn per  cubic  meter) 

y = t h e  entrainment c o e f f i c i e n t  f o r  a n  instantaneous source 

r = t h e  i n i t i a l  cloud r ad ius  a t  t h e  s u r f a c e  (m) R 

g = acce l e ra t ion  due t o  g r a v i t y  (9.8 m sec-') 

Ta = ambient a i r  temperature (OK) 



3 9 - - t h e  v e r t i c a l  p o t e n t i a l  temperature grad ien t  (OK m-l) ' 

3 z 

8 = t h e  p o t e n t i a l  temperature a t  he ight  z 

An ana lys i s  2 f  time-sequence photographs of t h e  behavior of t h e  ground 
plumes generated during launches of t h e  Ti tan  I11 D v e h i c l e  a t  
Vandenberg Air Force ~ a s a l  .suggests -that'.the--vkloe ~f . .~ the ' in rcadtaaeaas  
entrainment c o e f f i c i e n t ,  y , may range from about 0.5 t o  0.7. 

I 

Quasi-Continuous Releases i n  S t ab le  Atmospheres 

The maximum plume rise zm downwind from a quasi-continuous 
s w r c e  i n  a stable a t m s p h e r e  is 

where 

and g = 

the quasi-continuous buoyancy parameter 

the entrainment c o e f f i c i e n t  for a quasi-continuous 
source 

Plume rise f o r  launches of l i au id- fue led  rockets  and f o r  ' s t a t i c  f i r i n g s  
suggests  t h a t  t h e  entrai-nt 'coeff ic ient  yc is approximately equal  ta 
0.5. 

4 .  SUPPORTING DATA 

4.1 . General 

~ ' w o  types of supporting data a r e  requi red  i n  t h e  a p p l i c a t i o n  of  
t he  models t a  t h e  predic t ion  of hazard d i s t ances  from chemical acc iden t s /  
incidents. These d a t a  a r e  r e l a t e d  t o  the  choices  of meteorological  
parameters and t o x i c i t y  da t a  t o  b e  used i n  t h e  ca l cu la t ions .  Tables of 
recommended neteoro logica l  parameters, toge ther  with some j u s t i f i c a t i o n  
'-r t h e i r  s e l e c t i o n ,  a r e  presented i n  paragraph 4 .2 .  Recormnended va lues  



f o r  t o x i c i t y  of chemical agents a t  the  "1% l e t h a l i t y "  f o r  l e t h a l  agents 
and "l% incapacitation" f o r  incapaci ta t ing  agents a r e  presented i n  
paragraph 4.3. 

4.2 Meteorological Parameters 

Meteorological inputs  required f o r  use i n  the Basic Model are 
l i s t e d  below. The spec i f i ca t ion  of numerical values f o r  t h e  
meteorological inputs  requires,  i n  pr inc ip le ,  a complete knowledge of 
the  atmospheric s t r u c t u r e  of the a i r  v o l m e  i n  which t h e  plume is 
transported. Because of t h e  l a r g e  d is tance  s c a l e s  and t h e  l a rge  a i r '  
volume t h a t  may be swept out by toxic  plumes, the  measurement and 
spec i f i ca t ion  of representa t ive  meteorological inputs  is d i f f i c u l t .  
Thus, i t  i s  usually necessary t o  est imate t h e  r e q u i s i t e  meteorological 
parameters, f o r  any given locat ion ,  from h i s t o r i c a l  surface  
meteorological observations, using various approximate techniques based 
on theory and previous measurements. That has been done f o r  the  eleven 
Arrnp s torage  depots where chemical mater ia l  i s  stored.  Those data a r e  
presented in  Appendix D of t h e  "Handbook f o r  Chemical Bazard 
Predic tioa". 

To f a c i l i t a t e  hazard d is tance  ca lcu la t ions ,  the required 
parameters have been presented f o r  each c l a s s  of the P a s q u i l l  s t a b i l i t y  
categories.  The six categor ies  are denoted by the  l e t t e r s  A through E. 
Categories A, B and C represent  decreasing degrees o f  i n s t a b i l i t y ;  E 
and F represent  increas ing degrees of s t a b i l i t y ;  and D is  neut ra l .  A 
summary t a b l e  r e l a t i n g  t h e  s t a b i l i t y  ca tegor ies  t o  atmospheric 
observeables, i.e., s o l a r  radiatgon and wind speed, is  presented as 
Table I; it has been adapted from Pasquill .2 

TABLE 1, KEY TO STABILITY CATEGORIES 

2-3 A-B 

3-5 B 

5-6 C . 

B 

B-C 

C-D 

- 

C E 

C D 

D D 

F 

E 

D 



Table 2 contains the  required parameter values f o r  f l a t ,  l eve l  
and open t e r ra in .  Note tha t  reference a values, a a r e  given f o r  

Y yr '  
both a continuous and an instantaneous source: continuous r e f e r s  t o  
emission times on the order of 10 minutes o r  more, while instantaneous 
represents  emission times less than two and one-half seconds. 

TABLE 2 .  RECOMMENDED VALUES OF PARAMETERS 

(OPEN TERBAIN) ' 

= x = 100 meters) (*rr y r  

s t a b i l i t y  o (Contin) u ( Ins t )  
Category Ifrmeters . ' L t e r s  - a meters Ozr B meters 

Within wooded o r  forested areas ,  the Pasqui l l  s t a b i l i t y  
categories,  and t h e i r  associated meCeorological parameter .values, do not 
apply. Empirical data s h w  tha t  plumes under fores t / jungle  canopies . ' 

tend t o  expand t o  much l a r g e r  volumes, a t  shor te r  t r a v e l  d is tances ,  than.  
do those on flat, l eve l  and open t e r ra in .  Thus, the  parameter values 
presented i n  Table 2 a r e  not representat ive of fores ted  environments. 
Empirical data a l s o  show t h a t  wind speeds under canopies a r e  much lower 
than wind speeds external t o  the  canopies a t  any given t i m e .  Thus, . . 
plumes t r a v e l  much f a r t h e r  over f l a t ,  l e v e l  and open t e r r a i n  than they 
do i n  f o r e s t s  , under any given meteorological s i tua t ion, '  i n  a giveq time. 
As a r e s u l t ,  a c t u a l  and predicted hazard distances could be  markedly 
di f fe ren t  f o r  open versus ' fores ted  t e r ra ins .  Table 3 presents a set of 
meteorological parameter values fo r  use i n  estimating hazard d is tances  
i n  forested environments. These empirically-based d a t a  were derived by 
members of the former US Army MUCOM Operations Research Group, from a 
v a r i e t y  of t e s t  data sources, .only a- f ew  of which are refereaced here.6, ', ' 9  



TABLE 3 .  RECOMMENDED VALUES OF PARAMETERS 

(FORESTED TERRAIN) 

(xyr = 100 meters, xzr = 20 meters) 

Reference Transport 
Wind Speed Wind Speed, 

(mph 1 U (mph) u a o 
Y z 

B 
Outside Canopy Under Canopy 

Deciduous Fores t ,  Winter 

- ~ -  - 

Mixed Deciduous and Coniferous Forest, Winter 

Coniferous Fores t  

Mixed Deciduous and Coniferous Forest, Super 
and Deciduous Forest, Summer 

Tropical Rain Forest 



4 . 3  Tox ic i ty  

Although the Basic Method can b e  used t o  es t imate  hazards 
from any a i rbo rne  o r  s p i l l e d  tox ic  substances,  i t s  p r inc ipa l  
app l i ca t ion  h e r e  is t o  hazards assoc ia ted  w i t h  opera t ions  involving 
chemical warfare  agents.  Required t o x i c i t y  va lues  a r e  those  which 
correspond t o  "1% l e t h a l i t i e s "  f o r  l e t h a l  agents  and "1% 
incapac i ta t ion"  f o r  i ncapac i t a t i ng  agents .  Accordingly, appropr ia te  
t o x i c i t y  va lues  f o r  a number of those agents  a r e  provided i n  Table 4. 

TABLE 4. TOXICITY VALUES (mg-min/m3) 

Chemical Agent 14 Incapac i t a t i on  1% L e t h a l i t i e s  

AC N/A 1180 

BZ 31 N /A 

CG I/A 385 
I 

CE( N/A 1850 

DM 2240 N/A 

GA 

GB, GD, GF 

H, ID, HI?-1, HN-3 

HT 

VX ( Inha la t ion)  N/A 4.3 

Except as noted below, t he  e n t r i e s  i n  Table 4 a r e  presented 
i n  terms of t h e  t o t a l  dosages ( i . e . ,  u n i t s  a r e  milligrams-minutes . 
p e r  cubic  mets t )  requi red  t o  produce 1% incapac i t a t i on  (o r  1% 
l e t h a l i t i e s )  among a d u l t s  i n  a populat ion where t h e  average breathing 
rate is twenty-five liters per  minute (i.e., moderate work a c t i v i t y ) .  
Those values can b e  reduced by one-third f o r  c h i l d r e n  because o f  
reduced body weights and g r e a t e r  air-intake-to-body-weight r a t i o s .  

Among t h e  exceptions suggested above a r e  t h e  following: 



a. The va lues  presented f o r  both CK and DM were 
developed from t o x i c i t y  data r e l a t e d  t o  "no deaths". However, i n  the  
absence of b e t t e r  information,  those va lues  should b e  used f o r  " 1 X  
l e t h a l i t i e s "  f o r  CK and "1Z incapac i ta t ion"  f o r  DM. 

b .  I n  t he  cases  of R ,  HD, KN-1, HN-3 and L,  t h e r e  is  no 
dependence on brea th ing  rate f o r  t ox ico log ica l  e f f e c t s  i n  t h e  same 
sense t h a t  such r e l a t ionsh ips  have been e s t ab l i shed  f o r  t h e  o the r  
agents  c i t ed .  The dosage of  150 mg-min/rn3 app l i e s  t o  no permanent 
s k i n  injury. That value, i n  the absence of more d e f i n i t i v e  
tox ico log ica l  infonoat ion on mustard, is used i n  l i e u  of t h e  "1% 
l e t h a l t i y "  dosage. 

c. In t h e  case of G and V agents ,  where t h e  . tabulated 
t o t a l  dosages a r e  reached as a r e s u l t  of exposure t o  small agent 
concentrat ions over extended t i m e  i n t e r v a l s  (i.e., greg te r  than two 
minutes),  c a r e  must be  taken t o  c a l c u l a t e  hazards i n  accordance with 
t h e  s p e c i a l  methods described i n  Annex B. 

d. FX t o x i c i t y  values,  shown i n  Table 4, are r e l a t e d  only 
t o  inhaled vapor dosages. The "bare-skin" VX d r o p l e t  depos i t  dens i ty  
corresponding to  "1% l e t h a l i t i e s "  is 4.5 mg per  man. That value  
increases r ap id ly  a s  l a y e r s  of c lo th ing  a r e  added between t h e  sk fn  2nd 
the chemical agent drople ts .  As a r e s u l t  of any s p e c i f i c  MCE, VX could 
pose a hazard through t h e  depos i t ion  of  d r o p l e t s  on to  personnel  as w e l l  
as through t h e  i n h a l a t i o n  of vapors. I n  such cases ,  the cont r ibu t ions  
from both r e s p i r a t o r y  and percutaneous e f f e c t s  a r e  ca l cu la t ed  t n  terns 
of t o t a l  agent (milligrams) wi th in  t h e  body. The intravenous dose 
corresponding t o  "1% l e t h a l i t i e s "  i s  0.1 mg. 

A Gaussian Plume atmospheric d i f f u s i o n  model w i t h  (a) provis ions 
f o r  l i m i t i n g  t h e  v e r t i c a l  expansion of a plume t o  t h e  su r f ace  mixing 
l a y e r  and (b) c r i t e r i a  t o  accommodate t h e  time-space v a r i a t i o n s  of 
meteorological  and o the r  environroental f a c t o r s  h a s  been recommended 
f o r  a p p l i c a t i o n  t o  hazard analyses .  Two forms of t h e  model, t he  Basic 
Model and a general ized model, have been recommended f o r  appl ica t ions"  
where appropr ia te .  The Basic  Model can be  used t o  compute t h e  
ground-level, a x i a l ,  t o t a l  dosage from acc iden t s / i nc iden t s .  Its use 
is adequate t o  t r e a t  t h e  major i ty  of hazard-dis tance es t imat ion  . 

problems. One of many forms of the generalized model may b e  used t o  
t r e a t  problems which involve  (a)  g r a v i t a t i o n a l  s e t t l i n g  of p a r t i c l e s  
o r  (b) computation of dosage and concent ra t ion  a t  l oca t ions  o the r  than 
on plume c e n t e r l i n e s ,  e t c .  



Input data and information adequate t o  permit application of 
both models to estimating hazard distances are provided. Among those 
data are meteorological parameter values, toxic i ty  data for 
chemical warfare agents, methods for estimating evaporation rates of  
toxic substances from puddles, and methods for estimating the rate of 
r ise  o f  buoyant toxic plumes. 
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ANNEX A 

THE GENERALIZED PREDICTION MODEL 

A . l  TBE CXNERALIZED MODEL CONCEPT 

The concept of a general ized p red ic t ion  model f o r  use  i n  CB app l i ca t ions  
was f i r s t  ou t l i ned  by M i l l y '  who pointed ou t  t h e  neces s i ty  of f i nd ing  a 
s a t i s f a c t o r y  technique f o r  s epa ra t ing  t h e  e f f e c t s  o f  source f a c t o r s  and 
meteorological  f a c t o r s  i n  assessing the  performance of CB ammunition from 
f i e l d  measurements. The general ized model concept has  been broadened and 
implemented under var ious  con t r ac t s  sponsored by the U.S. A m y  Dugway 
Proving Ground and Deseret Test   enter.^, 3,  4 s  5 The general ized 
p r e d i c t i m  model, developed as a r e s u l t  o f  t h i s  work, is  intended t o  b e  
un ive r sa l ly  app l i cab le  t o  a l l  chemical agent  requirements including 
hazard-safety analyses .  I n  p r inc ip l e ,  t h e  general ized p red ic t ion  model i s  
adapted t o  t h e s e  var ious  requirements by s u b s t i t u t i n g  i n  the  model sets of 
source f a c t o r s  apd meteorological f a c t o r s  appropr ia te  t o  t h e  chemical 
ammunition and  environmental regimes under considerat ion.  

The format t ing  of t h e  general ized p red ic t ion  model begins w i t h  a simple 
bass con t inu i ty  equation t h a t  i n  p r i n c i p l e  provides a complete desc r ip t ion  
of the d i l u t i o n  and deple t ion  of a cloud of a i rborne  material as i t - i s  
t r anspor t ed  dowawind fro@ t h e  point of formation t o  a l l  t r a v e l  distances 
of interest. The general ized concent ra t ion  model format, f o r  example., must 
e x p l i c i t l y  specify:  

1. The downwind t r a j e c t o r y  and t h e  r a t e  a t  which t h e  cloud 
moves along this t r a j e c t o r y .  

2. The l a t e r a l ,  v e r t i c a l  and alongwind dimensions of t h e  
cloud as func t ions  of  downwind-distance o r  . t r a v e l  time. 

-- - 

%illy, G. H., "Atmospheric Dif f upion and Generalized Munitions Expenditure (U) " , 
ORG Study No. 17, US Army Chemical Corps Operations Research Group, Army 
Chemical Center,  MD, 1 May 1958. UNCLASSIFIED. 

2 
Cramer, H. E., e t  a l ,  "Pleteorological P red ic t ion  Techniques and Data Systgml' ,  
GCA Tech Report No. 64-3-G, F i n a l  Report under Contract DA-42-007-CML-552, US 
A r m y  Dugway Proving Ground, Dugway, UT, 1964. 

3 
Cramer, 8 .  E . ,  e t  a l ,  "Procedures f o r  Processing Dosage and Meteorological 
Measurements", GCA Tech Report No. 66-12-6, under Contract DA-42-007-AMC-120(R), 
US Army Dugway Proving Ground, Dugway, UT, 1967. 

4 
Cramer, H. E., e t  a l ,  "Development of Dosage Models and Concepts", GCA Tech 
Report No. TR-70-15-G, under Contract DAAD09-67-C-0020(R), US Army Dugway 
Proving Ground, Dugway, UT , February 1972.  

' ~ r amer ,  9. E .  and 8. K .  Dumbauld; "Experimental Designs f o r  Cosage   re diction 
in CB Field. Tests", GCA Tech Report No. 68-17-G, F ina l  Report under Contract 
DA-42-007-AYC-276(R), US A m y  Dugway Proving Ground, Dugway, UT, 1968.. 



3. The form of the  dis t r ibut ion of material  along each of the  
three coordinate axes. 

4 .  Losses of material by simple decay processes, precipi ta t ion 
scavenging, gravi ta t ional  s e t t l i n g  and other removal 
processes. 

5 .  Variations i n  i n i t i a l  cloud dimensions, source-emission time, 
meteorological s t ructure ,  ter ra in ,  and vegetative cover. 

In  generic form, the generalized concentration model is conveniently expressed 
by the  product of f i ve  terms: 

Concentration Concentration Term ) (Alo&wind Term 

Lateral  Term ) ( v e r t i c a l  Term ) (Depletion Term 

where the  Peak Concentration Term re fe rs  t o  the concentration a t  t h e  centroid 
of the  cloud; the Depletion Term re fe rs  t o  the l o s s  of material  by the  various 
processes mentioned above; and the  remaining three  terms define the dimensions 
of the  cloud with respect t o  a conventional Cartesian coordiaate system. As 
long a s  mass continuity is  s a t i s f i ed ,  there  a re  no r e s t r i c t i ons  on the 
expressions that may be substi tuted fo r  the various terms in  the  generalized 
model equation o r  on the form of the coordinate system. Thus, almost any 
diffus ion model may be subst i tu ted i n  the generalized model equation. The 
generalized dosage model contains only four terms and has the same format as 
the  generalized concentraticn model, except f o r  the elimination of the 
Alongwind Term and the subst i tu t ion of a Peak Dosage Term for  t he  Peak 
Concentration Term. 

Application of the generalized model requires meteorological input 
parameters t ha t  are representative of the  atmospheric s t ruc ture  withln a 
reference three-dimensional-air volume that extends downwind from the  source 

. to maximum cloud t rave l  distance of i n t e r e s t .  The reference volume may 
contain from one t o  several  hundred cubic miles of air.  The maximum height 
of the  reference volume is usually given by the  depth of the  surface mixing 
layer  Km. . The bulk of the  meteorological parameters required as di rec t  

tnputs t o  t h e  generalized models a re  obtained from space-time averaged 
ve r t i c a l  p rof i l es  of: 

1. Turbulent i n t ens i t i e s  of t he  orthogonal wind-velocity 
components. 

2 .  Hean wind speed. 

3. Mean azimuth w5nd direction.  

4. A i r  temperature. 



r ep re sen ta t ive  of t he  re ference  a i r  volume. Other meteorological  parameters 
requi red  by the  model inc iude  r a inou t  and washout coe f f i c i en t s  as w e l l  as 
information on t h e  i n t e n s i t y ,  a r e a l  e x t e n t  and durat ion of p rec ip i t a t i on .  
The e f f e c t s  of t e r r a i n  and o the r  su r f ace  p rope r t i e s  are p r i n c i p a l l y  taken 
i n t o  account i n  t h e  general ized model by changing t h e  meteorological  inputs  
to  conform t o  p a r t i c u l a r  combinations of atmospheric s t a b i l i t y  and su r f ace  
roughness elements. The deveiopment of i n t e r n a l l y  cons i s t en t  sets of 
meteorological  parameters t h a t  a r e  r ep re sen ta t ive  of  s p e c i f i . ~  environmental 
regimes is cme of the primary p r e r e q u i s i t e s  f o r  t he  successfu l  a p p l i c a t i o n  
of q u a n t i t a t i v e  concentration-dosage p red ic t ion  methods t o  chemical agent  
problens.  This  is an important po in t  because t h e  inherent  interdependence 
'of t h e  meteorological  model i npu t s  precludes a r b i t r a r y  v a r i a t i o n s  i n  
i nd iv idua l  parameters while holding a l l  o the r  parameters f ixed.  

It  is important t o  recognize t h a t  t h e  general ized concent ra t ion  and 
dosage models described below a r e  i nhe ren t ly  i n t e r im  models and t h a t  s p e c i f i c  
provis ion  should be made f o r  updating them as new information becomes ava i l ab l e .  
I n  many ins tances ,  the appropr ia te  source  and meteorological input  information 
i s  almost completely lacking  and can only be acquired empir ica l ly .  Also, model 
v a l i d a t i o n  is b a s i c a l l y  a long-term process  because o f  similar inadequacies i n  
e x i s t i n g  concentrat ion,  dosage, and meteorodogical measurements. 

The model equat ions presented below conta in  Gaussian d i s t r i b u t i o n  
func t ions  and a r e  based on a convent ional  Cartesian coordinate  system w i t h  t h e  
o r i g i n  placed a t  ground l e v e l  d i r e c t l y  below the source. The a u x i l i a r y  
equat ions f o r  l a t e r a l  and v e r t i c a l  cloud expansions a r e  expressed i n  terms of 
simple power laws i n  which t h e  s tandard devia t ions  of wind azimuth and 
e l e v a t i o n  angle  a r e  used a s  prime p red ic to r s .  It shoiild be noted t h a t ,  f o r  
many chemical agent  app l i ca t ions ,  mesoscale f a c t o r s  con t ro l  t h e  d i f f u s i o n  
and dep le t ion  processes.  The f a c t o r s  t h a t  are most important i n  determining 
t h e  concent ra t ions  and dosages a t  d i s t ances  g rea t e r  than a few ki lometers  
dowuwind from t h e  poin t  of r e l e a s e  are t h e  depth of t h e  su r f ace  mixing l aye r ,  
the v e r t i c a l  shear  of wind speed, and azimuth wind d i r e c t i o n  i n  t h e  su r f ace  
mixing l a y e r .  It folluws t h a t ,  a t  these  d is tances ,  t h e  choice of  expressions 
used i n  t h e  models to  account for microscale  turbulen t  expansion is f requent ly  
no t  of c r i t i c a l  importance. 

A.2 GENERALIZED CONCENTRATION MODEL FOR POINT .OR VOLUME SOURCES 

A.2.1 Generalized Concentration Model 

The general ized concent ra t ion  model for instantaneous p o i n t  o r  volume 
sources i s  expressed as  the product o f  five tefms:. 

Concentration Term ) . (Ver t ica l  Term 

L a t e r a l  Term ) . (Alongwind Term (~-1):- 



!Fhe Pea& Concentration Ten .  i s  defined by t h e  expression 

where 
& = source strength 

K = scal ing coeff ic ient  used t o  convert input parameters in to  
dimensionally consistent units 

a f s t ada rd .dev i a t i on  of the  ve r t i c a l  concentration d i s t r ibu t ion  z 

u = standard deviation o f  the  cros w i n d  concentration die  t r ibut ion 
Y 

= standard deviation of the  alongwind concentration dis t r ibut ion 
X 

The Vert ical  Term re fe r s  t o  the  expansion of t h e  cloud jn t h e  
v e r t i c a l  o r  z d i r e c t i o n  and includes terms fo r  l im i t i ng  t he  v e r t i c a l  cloud 
growth t o  t h e  depth of the surface miring layer .  

.- .. 

where ( A .  3)  

3 = ef fec t ive  source height 

3 = depth of t h e s u r f a c e  mixing l aye r  m 

z- = height abovc ground 

The Lateral  Term refers  t o  the  crosswind expansion of t h e  cloud 



and includes re f l ec t ion  terms f o r  l imi t ing  l a t e r a l  cloud growth i n  t h e  
presence of topographical ba r r i e r s .  

y = l a t e r a l  distance f r o m  cloud center l ine  

y1 = l a t e r a l  distance from t h e  source t o  the r e f l e c t i n g  surface on 
t h e  r i g h t  of t h e  source looking downwind 

yp = l a t e r a l  distance from t h e  source t o  the  r e f l e c t i n g  surface on 
t h e  l e f t  of  t h e  source looking downwind 

The Alongwind Ten r e f e r s  t o  cloud growth i n  t h e  downwind o r  
x direc t ion.  

1 x-Gt 
*ionpimi Term = up [- 5 ( 

- - . .- - . .. . . - . -. .. . . . . - - .- . _ 
Where 

. -- 

(A* 5 I. 

n = mean cloud transport  speed over t h e  distance i n t e r v a l  from 
the  point of clsud s t a b i l i z a t i o n  t o  the  dowmind distance x 

t = time after cloud s t a b i l i z a t i o n  

The Deplletion Term r e f e r s  t o  the  l o s s  of material  5. simple 
decay processes, prec ipi ta t ion  scavenging, o r  g rav i t a t iona l  s e t t l i n g .  The 
form of the  Delletion Term fo r  each of these processes i s :  



(Precipitation Scavenging) exp [ - A  (4 - 41 

(Gravitational Settling) 1.- [- l ( ~ - ( v s ~ r H ) - z n  

(A.8) 
where 

k = decay coefficient or  fraction of  material l o s t  per un i t  time 

2 = mean cloud t r a v e l  time = x/ii 

A = washout coefficient or f ract ion of  material  removed by 
scavenging per uni t  time - .- - -. -x--- 2 -.- 

Vs = graritationeJ- s e t t l i n g  velocity f o r  a given pa r t i c l e  s ize 

= Wan wind speed between the- ground and H 

tl = time rain begins 

When Equation (A. 8) i s  used for  the  Depletion Term, the Vertical Term 
given by Equation (A. 3 )  i s  set equal t o  unity. Equatio~~(~. 8) causes 
the  cloud axis t o  be inclined downwind a t  the angle tan (vS/<,) with 
respect t o  the  horizon, following W. Schmidtls.sedimentation hypothesis. 2 
Material which deposits on the ground i s  retained and not reflected. The 
ve r t i ca l  growth o f  t he  cloud is stopped a t  t he  top of  the surface mixing 
layer  and ref lected toward the ground by the: second exponential term i n  
Equstion ( ~ . 8 ) .  The depletion by gravi ta t ional  s e t t l i ng  of material  
containing a size dis t r ibut ion i s  calculated by parti t ioning t h e  distrib- 
ution into sett l ing-velocity categories, solving Equation (A.1) fo r  each 
s e t t l i n g  velocity,  &d superposing the solutions. . 

The peak concentration a t  distance x and a t  an arbitrary 
distance y # 0 f m m  the cloud cent % r l i n e  i s  given by 



(A. 9) 

Similar ly ,  the  peak concentrat~ion x a t  distance x on the  cloud cen te r l ine  
mP 

y = 0 is given by t h e  expression 

A.2.2 Subset of Eqvations f o r  a=, u , and u 
X' y-.--. 

The subset of equations defining the  distance dependence of  
the  standard deviations of t h e  v e r t i c a l ,  crosswind and alongvind concentra- 
t ion  d i s t r ibu t ions  is given belw. 

The standard deviat ion of the v e r t i c a l  concentration d i s t r ibu-  
t ion  i s  given by the  expression 

(A. 11) 

where 

' = standard deviation of t h e  elevation wind angle i n  radians 
OZ at height H 

A zr = distance over which r e c t i l i n e a r  v e r t i c a l  cloud expansion occurs 

downwind from an i d e a l  point  source 

B = v e r t i c a l  d i f fus ion-coef f i c ien t  

x z = vertical  v i r t u a l  distance 

D standard deviation of the  vertical concentration d i s t r ibu t ion  L? a t  a distance r downwind from t h e  source 
. = R  



The standard deviation o f  the  crosswind concentration dis t r ibu-  
t i o n  is  given by t h e  expression 

where 

u' = standard deviation of the  azimuth wind angle i n  A radians a t  height H measured over t h e  source 

emtssion time T 

u;{fo, = standard deviat ion of  the  aximuth wind angle i n  
radians i n  t h e  surface mixing l a y e r  measured 
over t h e  reference time r0 

x = distance over which r e c t i l i n e a r  crosswind cloud 
ry erpansion occurs downwind from t h e  virtual point 

source 

a = c r o s s e n d  di f fus ion coef f i c ien t  

x crosswind virtual distance 
Y = 

u = standard deviat ion of the  crosswind concentration distri- 
bution a t  a distance downwind from t h e  source 

%Y 

(A.  15) 

A B '  = azimuth wind d i rec t ion  shear i n  radians within the l a y e r  
containing the  cloud 



A0 - = r a t e  change of wind d i r e c t i o n  i n  degrees w i t h  height  i n  t h e  
su r f ace  mixing l a y e r  where A9 is p o s i t i v e  i n  t h e  clockwise 
sense 

z2 = e f f e c t i v e  upper bound of cloud 

z = e f f e c t i v e  lower bound of  cloud 1 .  

The stapdard devia t ion  of  t h e  alongwind concentrat  ion  
d i s t r i b u t i o n  i s  given by the expression 

where 

L (x) = alongwind cloud length  at distance x from t h e  source 

; A U > O  

- I ; A < 0 (A. 18) 

Au = v e r t i c a l  wind speed shea r  i n  t h e  l a y e r  conta in ing  the  cloud 

o = s tandard  devia t ion  of t h e  alongwind concent ra t ion  
XO d i s t r i b u t i o n  a t  t he  source 

E = t h e  e f f i c i e n c y  f a c t o r  f o r  alongwind growth due t o , v e r t i c a l  
wind speed shear  

The expression f o r  L x) given by Equation (A.18) is based on the 
work of Tyldesley and Wallington.b This  expression assumes that the alongwind 
growth produced by wind speed shear  is normally much l a r g e r  than  the alongwind 
g r w t h  produced by turbulence alone. On t h e  b a s i s  of theory and l imi t ed  f i e l d  
data ,  Tyldesley and Walliagton ass ign  a mean value  t o  E of 0.28. However, more 
recent  measurements made i n  t he  United S t a t e s  and Canada suggest  t h a t  E s e t  
equal t o  0.6 t o  0.7 more accura te ly  descr ibes  alongwind cloud growth. 

An a l t e r n a t e ,  simpler expression f o r  t h e  s tandard  dev ia t ion  of t h e  
alongwind concentrat ion was developed by ~ a l v e ~ 7  f r o m  a study of observed 
values  obtained from long d is tance  cloud t r ave l .  These data included the  
observat ions used by ~ y l d e s l e y  and ~ a l l i n ~ t o n 6  and o the r  observat ions c o l l e c t e d  
f o r  g r e a t e r  d i s tances .  

I 
D 
Tyldesley J. and Wallington W . ,  The Effec t  of Wind Shear and V e r t i c a l  . 
Diffusicn on Horizontal  Dispersion, -Quarter ly Journal of t h e  Roya.1 

-Meteorological Society,. Volume 91: Pages 158-174, 1965. 

7 Salvey, 9avid D . ,  Sst imation of  Cloud Length for Long Distance Travel-, 
i'npublished Report, Operations Research Group, Edgersood Arsenal, ?D, July 1973. 



Halvey's equat ion is: 

(A. 18a) 
- 

A.2.3 Subset of Equations f o r  u and % 

The mean cloud t r anspor t  speed a t  a  downwind t r a v e l  d i s t a n c e  x is 
defined by the  expression 

I f  t h e  v e r t i c a l  p r o f i l e  of mean wind speed is given by a simple power law, 

Equation (A.19) can be  in t eg ra t ed  t o  y i e l d  

(A. 20) 

where 

u, = mean wind speed a t  t h e  re ference  he ight  zg 

p = wind power-law exponent 

The i n t e g r a t i o n  limlts z and z correspond t o  the e f f e c t i v e  lower and upper 
1 2 bounds, r e spec t ive ly ,  o f  t he  l a y e r  conta in ing  t h e  cloud and may be  expressed 

i n  terms of the height  of t he  cloud c e n t e r l i n e  El and the s tandard  devia t ion  
of t h e ' v e r t i c a l  concent ra t ion  o r  dosage d i s t r i b u t i o n  as: 

B -  2.15 ; H -  2.15 o z >  0 

(A. 21) 

0 ' ; H - 2 . 1 5 0 z < 0  



Tae inean clowi & n s y r t '  speeds over t h e  d is tance  i n t e r n a l  f r o g  t h e  ?o in t  of  
~ t a b i l i z a t i o a  t o  the  downwind d i s t ance  x is then given by 

This wind speed i s  ca lcu la ted  numerically i n  computer programs by summing 
values of C{x) ca l cu la t ed  a t  10-meter i n t e r v a l s  from the source t o  d i s t a n c e  x 
and div id ing  b y ' t h e  number of  i n t e r v a l s .  S imi la r ly ,  the mean rind speed 
shear A 3  i s  numerically calculated from the expression 

where 

(a. 25  1 

- 
Tk+ nspn ?in& sgced -2: betiiser the grouod a d  e f f e c t i v e  source he ight  ii l a  
def iced -by the  e x p e s z i o n  



A .  2.4 Generalized Dosage Model -- 
The general ized dosage model f o r  po in t  and volume sources is  

given by t h e  product- of  four  terms: 

Dosage =, {Teak Dosase Term) {Ver t ica l  Term} 

{Latera l  ~ e r m l  {Depletion Term} 

Except f o r  t h e  peak Dosage Term, t h e  terms i n  t h e  dosage equation correspond to '  
t b e  same t e rms  defined i n  t b e  preceding sec t ion  f o r  t h e  concentrat ion model. 
M s o ,  t h e  subsets  o f  equations f o r  u a , and ii giv& i n  t h e  preceding sec t ion  
apply t o  t h e  dosage m d e l .  Y '  

The Peak Dosaae Term r e f e r s  t o  t he  dosage'on t h e  downwind ax i s  
of t h e  cloud (x,pO, z=H) and i s  def ined by the expression 

where. 

2 = source s t r e n g t h  

(A.  28) 

X = s c a i i n g  c o e f f i c i e n t  used t o  convert i npu t  parameters i n t o  
dimensionally cons is ten t  u n i t s  

ci y= s tandard  devia t ion  oi. t h e  crosswind dosage d i s t r i b u t i o n  
- .  

u = standard devia t ion  of  t h e  v e r t i c a l  dosage d i s t r i b u t i o n  
z 

The 'conceatrat ions pr0duc.d by s quasi-continuous r e l e a s e  i n  which 
t he  &ss ion  takes  p lace  over  a p e r i o d  of s eve ra l  s i a u t e s  t o  s eve ra l  burs  
may b e  obta ined  by 'mult iplying aquat ion (A.  27) by an Alongwind Term. 
For 3 r e l e a s e  wi th  a constanf r a t e  Q f o r  a f i n i t e  per iod  r , tne  Alongwind 
Term -is; gi-ren .by 

(A .  2 9 )  



Note t ha t  the  emission r a t e  4 ra ther  than the  t o t a l  source strength Q must 
be used i n  calculat ing concentrations f o r  t h i s  type of release. 

- In  the  case of an evaporative s p i l l ,  the  emission r a t e  c a n b  expected 
t o  decay exponentially with time. For this type of release,  the  Alongwind 
Term i s  given by 

where 1, is  the  evaporation coefficient ,  o r t h e  f rac t ion  of material  evaporat- 
ed per unit time. For t h i s  type of re lease ,  the  t o t a l  source strength Q is 
entered i n  Equation ( ~ . 2 7 ) .  Additionally, t he  i n i t i a l  alongwind dimension 
D i s  s e t  equal t o  zero i n  the  P calculations.  

XO 

A. 4 APPLICATION OF THE GENERALIZED MODEL TO sURFPCE DEPOSITIOH 3Y 
GRAVITATIOW S E r . I N G  

Equation (A.27) may a lso  be used t o  calculate t he  surface deposition 
due to  gravi ta t ional  s e t t l i n g  by replacing the  Vertical  Tern in Equation 
(A.  27) with t he  follovlnp: expression: 

[ 1 ( Z H  m -H+ (V s X/~H)r ]  1 
exp - -  

2 u 
2 



A . 5 '  ADJUSTMENTS OF TEE GENESWLZED MODEL FOR CXANGES XN METEOROLOGICAL 
STRUCTU3Z: TRE STAEELLTY-CI?A&!E MODEL 

The general ized p red ic t ion  model formulas, given above, assume steady- 
state  condi t ions  throughout t he  reference a i r  volume which may extend 
v e r t i c a l z y  f o r  3 ki lometers  and downwind f o r  100 ki lometers  o r  more. In 
many ins t ances ,  t h e  s teady-s ta te  assumption f a i l s  because of changes i n  
s u r f a c e  p rope r t i e s  and atmospheric s t r u c t u r e  t h a t  occur along downwind 
cloud t r a j e c t o r i e s .  Techniques have been d e v e l ~ p e d  f o r  ad jus t ing  the models 
t o  t h e s e  changes which t r e a t  the changes a s  step-chaages i n  meteorological  
s t r u c t u r e .  At any spec i f i ed  t r a v e l  time o r  downwind-distance a t  which a 
s t e p  change i n  s t r u c t u r e  occurs ,  the  t r anspor t  and d i f f u s i o n  processes  are 
stopped; new sets of source and meteorological  model i n p u t s  are ca lcu la ted ;  
and t h e  t r anspor t  and d i f fus ion  process r e s t a r t e d  with t h e  new inputs .  
Thus, the procedures account f o r  t h e  e f f e c t s  of step-changes i n  atmospheric 
s t a b i l i t y  on the concentrat ion,  dosage, and depos i t ion  p a t t e r n s  i n  a gradual 
manner. 

When the  ca l cu la t ed  general ized model d i s t a n c e  exceeds the maximum 
downwind d i s t a n c e  (This maximum downwind d i s t a n c e  i s  ca l cu la t ed  by the 
product of t h e  mean t r anspor t  speed and t h e  maximum in-time dura t ion  f o r  
t h e  stable regime.) t h a t  could e x i s t  i n  s t a b l e  condi t ions ,  the s t a b i l i t y  
change-model is used. The maximum time du ra t ion  of a s t a b l e  n ight t ime 
regime is genera l ly  1 2  hours or less. Mean cloud t r anspor t  speeds for 
s t a b l e  regimes approximate 1 meter pe r  second (2.24 mi les  per hour) wi th  a 
m a x i m  d i s t ance  of approximately 40 k i lometers  (25 miles). Whenever the 
c a l c u l a t e d  hazard d i s t ance  exceeds the  cloud-transport d i s t a n c e  under s t a b l e  
cond i t i ons ,  t h e  s tab i l i ty -change  model is used. 

I n  the s tab i l i ty -change  model, the mixing depth may be  continuously 
varied by using t h e  following V e r t i c a l  Term i n  t h e  genera l ized  models: . 



where 

3 = median mixing depth fo r  the  ith s t a b i l i t y  category m 
i 

i = downwind distance from the  point  o f  cloud t f r ab i l i za t ion  
t o  t h e  cloud center  a t  the time t h a t  the i s t a b i l i t y  
category ends 

The only r e s t r i c t i o n  t o  the  use of the  above Vert ical  Term i s  t h a t  t h e  
cloud m u s t  f i l l  the  mixing l a y e r  and be completely mixed i n  the v e r t i c a l  
( i . .  , t he  concentration must be uniform with he igh t ) .  
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ANNEX 0 

TOXICITY FVR GB AND VX AS A 
r n C T I O N  OF EWOSURE TIME 

0 .1  GENERAL 

This methodology is required t o  implement t h e  changes i n  e f f e c t i v e  
dosages of GB and VX as a funct ion of exposure time i n  agent clouds of 
nonuniform concentration. Dosage, usua l ly  denoted D o r  C t ,  is defined as 
the product of agent concentrat ion a t  a p o i n t  and the time of exposure t o  
those agent  concentrat ions.  Thus, exposure time f o r  a given C t  is  a f a c t o r  
which in f luences  t h e  r e l a t i onsh ips  between dosage and expected phys io logica l  
response. Increas ing  t h e  exposure t i m e  t o  a given C t  r e s u l t s  i n  a less 
severe  t o x i c  response. To produce the same t o x i c  response, h igher  C t  
exposures a r e  required f o r  long exposure t i m e s  than f o r  short ones. As an 
example, an est imated LCt va lue  f o r  a man brea th ing  10 l/min is 100 m g - m i d m  

50 
f o r  a two minute exposure, while t h e  LCtSO va lue  is est imated as 210 mg-min/m 3 

f o r  a 30-minute exposure. The r e l a t i o n s h i p  between exposure t ime and LCt is 5 0 
shown i n  Figure B. 1. Because t h e  e f f e c t i v e  C t  exposure is  dependent on the 
time, t h e  degree of hazard w i l l  be  reduced i n  those  accidents where t h e  vapor 
is evolved slowly over a s u b s t a n t i a l  time as compared wi th  nea r ly  instantaneous 
r e l e a s e s  such a s  would occur i n  de tona t ion  of a GB munition. 

B . 2  THE BASIC MODEL 

The b a s i c  model f o r  c a l c u l a t i n g  peak dosage a t  ground l e v e l  (y = 0, zero) 
as a func t ion  of d i s t ance  and t ime may be  expressed a s  

where e l ,  2 : =  t i m e  subsequent t o '  agent disseminat ion (8-2 , B1) , 

1 
Chris tensen ,  H. K . ,  P .  C res thu l l ,  and F. W. Oberst .  Chemical Warfare 
Labora to r i e s  Report No. 2266, I C t l - g g  and LCtl-99 Est imates  of GB Vapor £ o r  

Man a t  'Various Exposure Times, US Army Chemical Warfare Labora tor ies ,  Army 
Chemical Center, MD. , December 1958. UXCLASSIFIED. 





B - 3  DOSAGE BUILDUP 

For an instantaneous source, dosage buildup at a point as a function 
of time is  readily determined from Equation (B.1). For agent generated 
at a uniform rate, d Q / d t ,  for a time period from the initiat5on of emission 
(00 - 0) to OS, computation of the dosage for an arbitrary interval 

A8 = e2 - 0 requires application of the more complicated expressions: 
1 

K(T5 - T2 + T4) f o r 8  > 8  

-,T2 - T3 + T4) for 8 > 8 . 2 1 2 %  

where 

. . x-u (8  -8 ) 
X 

X-11 (e -8 

5 = ( 9  2 s u  -g - x 1 erf { fi * s ) -  ( 9 - 0 - -  1 s  u J e r f {  x l . 2  } 
X '  

X 6- 0 



..- - . . .  
If 4 < Bs < e2 ,  t h e  t o t a l  time per iod  is p a r t i t i o n e d  i n t o  t h e  segments 

1 
g 1  t o  Os and 0 t o  e2 .  The dosage c o n t r i b u t i o n  f o r  e a o l  t ime segment i s  

S 

d e r i v e d  s e p a r a t e l y  from t h e  a p p r o p r i a t e  form of t h e  e q u a t i o n  and t h e  
r e s u l t s  added. Equat ion (B.1) i s  a l s o  r e a d i l y  adapted t o  c a s e s  of 
v a r i a b l e  r a t e  of a g e n t  g e n e r a t i o n ,  provided t h e  t o t a l  emiss ion  t ime can 
b e  d i v i d e d  i n t o  a set of i n t e r v a l s  f o r  each where a c o n s t a n t  0 can 
b e  assumed. The c o n t r i b u t i o n  of a "source segment," a s  de f ined  by 4 
over a given t ime i n t e r v a l ,  t o  t h e  t o t a l  dosage accumulated d u r i n g  A 0  * 
may b e  computed Fndependently f o r  each such segment from Equat ion (B.l) . 
The sum over  t h e  set of v a l u e s  s o  ob ta ined  I s  t h e  t o t a l  dosage of i n t e r e s t .  

It follows from t h e  accompanying f i g u r e  t h a t  an e f f e c t i v e  dosage f o r  
an  exposure  time t (expressed i n  minutes)  can b e  obtained by m u l t i p l y i s g  
t h e  corresponding r e f e r e n c e  "two-minute" v a l u e  by t h e  f a c t o r  

(t 2 2 minutes)  

A r a t i o n a l e  was developed f o r  t h e  computation of t h e  m u l t i p l i e r  X by 
means of a numerical  procedure  t h a t  a l lows  f o r  d i s c r e t e  changes i n  agen t  
c o n c e n t r a t i o n  as t h e  c loud moves over  a ground l o c a t i o n .  I n  essence ,  a 
"pseudo" exposure t ime i s  determined through a sequence of ad jus tments  
f o r  s u c c e s s i v e  t i m e  increments  cover ing c loud passage.  T h i s  "pseudo" 
exposure t ime, which must b e  two minutes o r  g r e a t e r  f o r  Equation ( B . 2 )  t o  
be a p p l i c a b l e ,  can be considered e s s e n t i a l l y  a s  an i n t e g r a r e d  average.  
The p r e c i s e  s e q u e n t i a l  mathemat ical  procedure  i s  as f o l l o w s :  

i 
I n  app ly ing  Equation (B.1) it. should be  noted t h a t  agen t  emiss ion is 
d e f i n e d  i n  t he  e x p r e s s i o n s  as occur r ing  from t h e  o r i g i n  (90=0) o f  t h e  
t i m e  s c a l e  t o  . For c a s e s  invo lv ing  a s e r i e s  of uniforrn g e n e r a t i o n  

9s , 
r a t e s ,  a p p r o p r i a t e  translations of t h e  time s c a l s ( i , e . ,  agen t  emiss ion  
from 9 t o  9 ) w i l l  ba necessa ry .  

a 3 



Let  
ti 

= clock time i n  minutes 

T = n p ~ e u d ~ n  exposure time i n  minutes i 

ADi = dosage at tumulat ion in i n t e r v a l  i 

i = cumulative dosage t o  time t 
i 

Doi  = tvo-minute re ference  dosage 

Subscr ip t  m denotes value computed from t r a n s p o r t  and d i f f u s i o n  model. 
Subsc r ip t  e denotes ex t rapola ted  va lue  as ind ica ted  below. 

1st Internal:  Se l ec t  clock time i n t e r n a l  tO+tl: ( t  -t ) L 2 m i n  
1 0  

a. Determine Dim f o r  i n t e r n a l  t -t from t r anspor t  and d i f f u s i o n  
mode 1. 1 0  

b. Set  T = t ht 
1 1 0' 

c .  Compute . .. 

2nd I n t e r v a l :  S e l e c t  clock t i m e  i n t e r v a l  
t l + t 2  

a. Determine ADzrn f o r  i n t e r v a l  t -t from t r a n s p o r t  and d i f f u s i o n  
model. 2 1 

b.  Compute (1) Dzm = D + AD2, 
I m 

c .  Compare . A D  with AD 
2m 2 e 

(1) I f  ADZm = AD2e, s e t  r = T 
2 1 

+ t 2 - t  
1 

(2) If ADzm > AD,=, compute 



(3)  If AD2, ADZe, compute 

0.274 AD 
m 0.274 

- - 
D ~ m  

d.  Compute D = 
O2 0.827(~~) 0.274 

General Case: Se lect  clock time interval  t 
i-l+t i 

a. Determine ADim for  interval t -t from transport and di f fus ion  
model. i i-1 

b .  Compute: 

c .  Compare AD with ADi,: 
im 

(1, I f  ADim = ADie, set r = r i i -1  + ti - ti-l 
(2 )  If ADi, > ADie, compute 



T 
i 

For 

(-3) If AD' i m  < ADie, compute 

n increments,  t h e  re ference  two-minute dosage D is the value used 
On 

i n  cons t ruc t ing  the  general ized curves f o r  GB and VX r e s p i r a t o r y  e f f e c t s .  

I n  using t h e  above procedure, t h r e e  precaut ions must be observed. 
F i r s t l y ,  T cannot be  permitted t o  decrease below two minutes.  Although 

i 
such occurrence would genera l ly  be unl ike ly ,  the  p o s s i b i l i t y  should b e  ' 

recognized i n  t h e  computational procedure. Secondly, D must be  
O i  

nondecreasing f o r  successive increments. If Do(k+l) < DOk,  as could occur 

through cons idera t ion  of very low dosages produced by the  t r a i l i n g  edge 
o f  a cloud over an extended t i m e  per iod,  i t  i s  recommended t h a t  D 

O(k+l) 
be s e t  *qua1 t o  D before proceeding t o  t he  next  i n t e r v a l .  Thi rd ly ,  Ok 
s i n c e  i c  i s  not apparent t h a t  t h e  maximum value of D w i l l  always exceed. 

O i  
the  a c t l a 1  peak two-minute accumulation dur ing  cloud passage, a nmnerical 
comparison should be made, with the  l a r g e r  va lue  obviously accepted as t h e  
b a s i s  f a r  hazard-distance es t imat ion .  . 
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NETHOD FOR CALCULATING 
UTES OF EVAPORATION 

FROM PUDDUS OF LIQUID TOXIC SUBSTANCES 

C. 1 GENERAL 

The general model for  computing ra tes  of evaporation from puddles 
of t ox i c  substances is presented i n  t h i s  Annex. Its pr incipal  value 
he re  is to enable analysts  t o  calcula te  evaporation r a t e s  f o r  s i tua t ions  
whose parameter values a re  out of the range of Figures 1, 2 and 3 i n  
Section 3.4 of the Technical Paper. In  par t i cu la r ,  evaporation r a t e s  
f o r  toxic substances other than the three chemical warfare agents, GB, 
VX, and ED, may be  calculated by way of t h i s  model. For completeness, 
input data used t o  compute evaporation rates fo r  those three  agents 
are a l so  provided i n  Table C . I .  

The evaporation-rate model described herein w a s  adapted from the 
1 . 2  Chemical Engineers budbook , by Solomon ,. f o r  application t o  chemical 

hazard prediction problems. It is reproduced here as it was or ig ina l ly  
 resented i n  ORG 40, wi th  the excepthon tha t  a l l  units of measurement 
lave been converted t o  the Metric system. The format is t ha t  of a 
'coolcbook recipe" fo r  deriving evaporation rates. 

C . 2  

from 

. . 

THE RgYNOLDS NUMBER 

Determine the dimensionless Reynold's number, NRe, fo r  the  a i r  flow 
t h e  equation 

o A . u P. / . )J  X 10 4 
N ~ e  

X = downwind length of. the puddle (m), 

U =,wind speed (mlsec), 

3 p = density of the  a i r  {.gm/cm ), 

P = viscosi ty  of the a i r  (poise (-/ern . sec)) .  

'per-, H.H. (ed i to r ) ,  Chemical Ennineerst Handbook, 3 r d  Edi t ion, ,  
M c ~ r a w - E l i l l '  Book Company, .Inc. , 1950. 

2 
Solomon, I . ,  e t  a l ,  Methods of Estimathp; Hazard Distances for Accidents 
Involving Chemical Agents (U), ORG Report N o .  4 0 , ' U S  A m y  Munitions Command, 
Operations Zuserach Group, Edgewood A r s e n a l ,  MD, ~ e b k a r ~  19 70. CONFIDENTIAL. 



,35232 
P' T 

where 

0 T = temperature ( K), 
- - 

P = ambient pressure -- - - - - -  (atm). 

The v i s c o s i t y  of air can be determined from 

64.36 + . 0 0 2 8 4 4 ~ ) ~  166 v = 

C.3 TBE MASS TRANSFEE FACTOR 

From the Reynolds r i d e r ,  calculate the mass transfer factor, 1 as 
follows : m, 

jm = .0664 Ng. -0.5 for N < 20,000 
Re - 

for NRe > 20,000 

C. 4 THE MASS TRA.NSFEB COEFFICIENT 

The mass transfer coefficient, K is calculated by 
& ' 

where 

2 
K = mass transfer coefficient (gm-moles/sec . cm ), 
g .  

2 
G = molar mass velocity of air (gm-moles/sec . em ), 
m 

6.t /PA) = Schmidt number (dimensionless), 

2 d diffusivity (cm /see). 

The molar mass velocity of a i r  can be determined by the formula 

I where M molecular weight o f  air 29  &/gm mole 
A = 



The diffusiarity of  a i r ,  d, wy be computed from 

T3/2 
d = .0043 l / 3  

P (V* + V~ 

where 

P = ambient pressure ( a t m S ,  

3 VA = molecular vol- of a i r  at normal b o i l i n g  point  (cm /gm mole), 

3 VL = molecular volvmaof l iqu id  a t  normal bo i l ing  point  (cm /mole), 

ML = molecular weight of l iqu id  ( d g m  mole), 

MA = moIecular weight of air, gms/gm mole. 

The molecular volumes V and V can be determined from Table 10 in Sectiuu A L 
8 of the c i t e d  handbook. For the  t h r e e  chemical agents  whose evaporation 
rates are presented i n  graphical  form, the necessary input  da ta  required 
f o r  ca lcu la t ions  is contained i n  Table C.1. 

C .  5 TIE EVAPORATION RATE 

The driving fo rce  f o r  evaporation i s  the  d i f fe rence  between the  mole 
f r a c t i o n s o f t h e a g e n t a t t h e a g e n t - a i r i n t e r f a c e a n d i n t h e m a i n a i r  . 
stream. If the  mole f r ac t ion  i n  the  a i r  is assumed t o  be neg l ig ib le ,  
t he  driving force  can be approximated by the  r a t i o  of t h e  vapor pressure  
of  the agent (at t h e  prevai l ing  temperature) t o  one atmosphere in 
equivalent  units, as  shown i n  the following equation: 

where 

2 S = evaporation rate of l i q u i d  (gms/m min). 

??, = vapor pressure of  l i q u i d  a t  liquid a i r  interface (mm Hg). 
2 



TABLE C. 1. AGENT INPUT DATA -, 
Molecular Weight Molecular Volume Vapor Pressure Relationship 

Agent (~ms/gnt-mole) (cd/p;rn mole) I&) 
1 

log PL = 8.5916 - 2424.5/T 

log PL 7.70897 - 3187.0/T 

log PL = 38.525 - 4500.012 - 
9.86 log T 

C.6 THE EVAPORATION RATE INTO STILL BIB 

This methodology is t o  be used when t h e  inc ideat  occurs within a closed 
building o r  other confined location tha t  precludes the  movement of air during 
the  evaporation of t h e  toxic  l iquid.  The evaporation rate into s t i l l  a i r  i s  
ca lcula ted  using the  following semi-empirical equatlonl : 

Where : 

With: 

evaporation rate (grams/mia) - 
Reynolds number (wing a wind speed of ,03 m/sec) 
Schmidt number 
ambient pressure (atmos.) 
vapor pressure of l iqu id  (atmospheres) 

molecular weight of l iqu td  

ambient temperature (OK). 
d i f f u s i v i t y  0.f air  ( c d / s e c )  
diameter of s p i l l  (meters) 

0 . 0 3 A p  . 

lJ 3 denstty of vapor (g/cm ) 
viscos i ty  of .vapor (g/cm/s) 
U - 

P d 

 i if e, Richard. Calculation of Evaporation Rates for Chemical Agent S p i l l s ,  
Office of  the Project  Manager f o r  Chemical Demilitarization and I n s t a l l a t i o n  

+ Restoration, Aberdeen Proving Ground, MD. (Equation 1 7 ) .  October 1978 



k calculating the Reynold's number, the e f f e c t  of the agent vapors 
or  the a i r  v i scos i ty  and density will be ignored. 

Note that t h i s  is equation 23 in Rife's methodology 

Where 

2 
d d i f fus iv i ty  (cm /see) 

u 
u =  1 + '2 
12 

- average molecu1ar c o l l i s i o n  diameter (angstroms) 

Q,., = c o l l i s i o n  integral for dif fus ion 

me value o f  $ i s  evaluated using the following empirical equation: 

where 

The following agent parameters apply : 

TABLE C. 2 AGENT PARAMETEES 

ai r  2 9 . 0  3.711. 78.6 
GB 140.1 0.25 52 1 
VX 267 .4  8 .26 691 
HD 159 .1  6 .37  593 

The remaining intermediate variables use. the same a u x i l i a j  relationships 
as for moving air conditions. 
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METHODS FOR CALCULATING HAZARDS FOR 
EXPLOSIVE DISSEMINATION OF VX AM) HD 

This annex presents an interis method for computing the hazard 
distances associated with explosive dissemfnation of agents VX and ED. 

Explosive dissemination of these persistent agents yields source clouds 
characterized by vapors as well as liquid droplets whose d i a e t e r s  span 
a considerable size range ( i . e . ,  from molecular diameters to thousaads 
of microns), Thus, t h e r e  are two types of threats fron exp los i~ns  
involvfzg those agents : (1) the percutaneous, or skin-zbsorption, 
threat due to the i q a c r i o n  of dropizts a n  personnel, and (2) the  
respiratory t h r e z t  due t o  inhalation of either the vapor or the aerosol .  

Given that  data  axisted to dsscribe the p a r t i c l c  size d i s r r i b u t i c n  
ia the aerosol, th2 settlicg velacities of d r o g l s t  sizes iri t h e  atms- 
phere, and the efficiency of droplet b p z c t i o n  on persoanel, the Generalized 
lredictioa Model described in h n z x  A would be a p p i i d ,  increzeotallg, 
to the  Tapor and to each of several droplet size ranges in the aerosol. 
Tne results of those calculations would be surmned at each point in tke  
chal lerged area. The hazerd distance asscciated w i t h  t h e  combined 

i stance . vapor/aerosol threat would be specified as the required hazard d- 
However, adequate data simply do rror exist. Therefore, empirical 
methods were derived frorn analyses of test data. Those methods, originally 
described in ORG 4013 ,  have been sinplified and adapted for use here. 
k complete description of the data base, and an explanation of this 
specialized methodology are presented on pages 140 thru 160 of ORG 40. 

D.2 METEOD FOR VX 

Figure D.1 show's the "I% lethality" hazard. distance, in feet, 
associated with the release of VX vapor and aeros'ol thru explosive 
dissemination. Each line shown,on that figure represents a Pasquill 
stability category. Lines A and B represent lapse conditions, in 
which cases the predominant hazard arises from the percutaneous 
challenge. Hazards under conditions of neutral stability (i.e., C and D) 
and weak inversions (i.e., E) are also dominated by percutaneous effects. 
Maximum hazards under strong inversions (i.e., F) arise solely from t h e '  
long-distance travel of the vapor under the inversion cap. 



HAZARD DISTANCE (FEET) 

. 
FIGURE D.l: Hazard Distances f o r  Explosively Disseminated Agent VX 



Application of Figure D.l t o  problems involving a c c i d e n t a l  
explos ive  releases of agent VX is  as follows: 

(1) Determine t h e  number and type of munitions involved In  
t h e  explosive releases. 

(2) Compute t h e  t o t a l  mount  of agent re leased .  

( 3 )  Enter  that quantity of  agent ( in  pounds) i n t o  the o r d i n a t e  
scale in Figure D.1 .  

( 4 )  Proceed across  F igure  D . 1  to the appropriere m e t e o r o l o g i c a l  
s t a b i l i t y  category of interest. [rhe s t a b i l i t y  category can b e  
determined from Table 1, pg 133 

5 aead t h e  naximm credible hazard d i s t a a c e ,  for 1A lerhal i t fes ,  
on the abscissa scale. 

Figure D . 2  and Table 9.1 nust both be used to d e t e ~ ~ i n e  hazard 
distames assccfated with accidentzl explosive relezses o f  agent XD. 
The method is as foliows: 

(I) The mFcro~eteorolcgica1 ccnditions of i n t e r e s t  ( i . e . ,  wind- 
speed, t enpe ra tu re ,  and s t = b i l i t y  category)  must b e  determined. Tempera- 
t u r e  may be est imated from h i s t o r i c a l  data. S t a b i l i t y  ca tegory  and 
windspeed nap b e  estimated f r o a  Table 1, page 13. 

(2) Determine t h e  fraction of agent af rborne  as vapors and d r o p l e t s  
from Figure D.2 as fol lows:  

(a) Enter ord ina t e  H on Figure D.2 at t h e  a p p r o p r i a t e  wfnd- 
speed value. 

(b) Construct  a s t r a i g h t  line from t h e  windspeed on o rd ina t e  
M,  th ru  t h e  c o r r e c t  temperature on diagonal  N, t o  a point on ordinate P. 

( c )  From t h a t  point on o r d i n a t e  P cons t ruc t  a s t r a i g h t  l i n e ,  
thru the s t a b i l i t y  category on diagonal  Q,  t o  a p o i n t  on ordinate R. 

(d) From t h a t  po in t  on o r d i n a t e  R construct a s t r a i g h t  line, 
thru t h e  4.2" Mortar mark on the  diagonal ,  t o  a po in t  on the ordinate S. 

(3) Using the va lue  of S determined i n  the previous s tep ,  compute 
the Final Reference Value from the fol lowing equation: 



WINDSPEED 
b p h  

Figure D . 2 :  Nomograph for Determination of the Final Reference Value for 
Agent HD 



where U is the windspeed (mph) estimated i n  Step 1 and used i n  Step 2. 
W equals  0.5 f o r  t h e  105MM Howitzer p r o j e c t i l e ,  1.0 for  t h e  4.2" Mortar, 
o r  1.75 fo r  t h e  155MM Howitzer p r o j e c t i l e .  

(4) The F i n a l  Reference Value is used toge ther  v i t h  the  da t a  i n  
Table D . l  t o  detetmine the  hazard d is tance ,  i n  f e e t ,  as follows: 

(a) Enter Table D.1 on the  l i n e  whose va lue  is  c l o s e s t  t o  
the Reference Value ca lcu la ted  i n  Step 3. 

(b) Determine the  number of munitions involved i n  the 
a c c i d e n t a l  explos ive  r e l e a s e  of HD. 

( c ) '  Enter  Table D . l  i n  t he  major  column appropr i a t e  f o r  the 
number of munitions involved. Se l ec t  the s t a b i l i t y  subcolumn c o n s i s t e n t  
with t h a t  determined i n  Step 1 and used i n  Step  4. 

(d) Proceed down the subcolumn t o  t h e  da t a  l i n e  assoc ia ted  
with t h e  F i n a l  Reference Value as ca l cu la t ed  i n  S tep  3. 

(el I n t e r p o l a t e  between da t a  l i n e s  i n  t h e  subcolumn, i f  
necessary ,  t o  determine t h e  hazard d is tance ,  i n  f e e t .  
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